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ABSTRACT
This paper presents an overview of work on the effects of earcons
and auditory icons on picture categorization and the results of 2
new experiments. The general finding of the experiments is that
earcons have an inhibitory effect on picture categorization whereas
auditory icons, in general, have a facilitating effect. These findings
will be discussed and related to the theoretical framework of per-
ceptual versus conceptual categorization.
1. INTRODUCTION
Imagine dubbing a digital movie of your pet dog and cat chasing
each other, with the sound of a flock of quacking ducks. The re-
sulting tape would probably both be funny as well as completely
unnatural, thus alerting and attracting attention. Modern computer
systems, on the other hand, are equipped with the most peculiar
sound schemes one can think of: relating the crowing of a rooster
to the arrival of new email is less than trivial. Yet, assigning such
nontrivial sounds to events on a computer is common practice,
whereas only a few people would (or, in any case, could) train
their dog to quack like a duck.
The fundamental difference between these combinations of a
sound and a visual event is that the crowing email arrival is used in
a signaling context where the objective of the sound is to alert the
user to the occurrence of an event. The quacking dog, on the other
hand, is situated in a co–messaging context where, in this case, the
auditory signal strangely modulates the event, because the visual
and auditory signals signify different categories.
In user interfaces, alarm sounds usually provide additional in-
formation to the information already present in the visual part of
the interface and research investigating the effects of this addi-
tional information usually indicates that performance (e.g., mea-
sured in product throughput) is enhanced [1, 2]. However, as Ed-
worthy [2] noted, much of the performance enhancements Rauter-
berg [1] found can be related to the addition of new information,
not to the use of the sounds per se.
Research on the effects of sounds carrying redundant informa-
tion is scarce however and this paper provides a summary of the
work done at the Nijmegen Institute on Cognition and Information
on the effects of auditory icons and earcons, carrying redundant in-
formation, on response times to a picture categorization task. The
paper also presents two new experiments that have been carried
out recently and relates these new findings to the previous results
and a theoretical framework.
The notion of sounds carrying redundant information is criti-
cal to the understanding of the research: The criticism of Edwor-
thy [2], on the conclusions Rauterberg [1] drew, is that the exper-
imental setup Rauterberg used, did not allow for concluding that
the addition of sound led to performance enhancements, because
the effects of the addition of sound (to which Edworthy attributes
the findings of Rauterberg), cannot be discriminated from the ef-
fects due to the addition of new information (although presented
by sound). In other words, had the information in the sound been
presented visually, Rauterberg would have found the same perfor-
mance enhancements as in his original study. Substituting visual
cues by auditory ones does not conform to definition of redundant
information in the auditory distracters that Bussemakers and de
Haan use. For example, making the buttons on a small user inter-
face smaller and adding non–speech sounds to present information
about the buttons, like Brewster [3] does, is different from adding
sounds to an interface that are completely redundant and, thus, un-
necessary. For equivalent performance, compared to the original
button sizes, Brewster needed the sounds to help boost accuracy.
The notion of redundancy of information therefore is not a no-
tion of removing information from a stimulus in one modality and
presenting that information via an additional stimulus in another
modality, nor is it the notion that new information is presented in
an additional modality. The definition of redundant information
(in a secondary modality), that Bussemakers and de Haan use, is
information that is unnecessary to satisfactorily fulfill the primary
task at hand. That is, the redundant information presented in the
secondary modality is completely unnecessary to respond appro-
priately to the stimuli in the primary modality at the same level of
performance (at the level of response times as well as error–rates)
compared to the level of performance without the redundant (audi-
tory) information, Supplying redundant auditory information does
provide the experimenter with the possibility of separating the ef-
fects of the auditory components of an event and the information
this auditory component carries. This line of reasoning renders
the foundation of the experiments Bussemakers and de Haan have
been carrying out [4, 5, 6, 7, 8, 9].
Bussemakers and de Haan use picture categorization as exper-
imental task because this task resembles computer work to a cer-
tain extent: using modern computer interfaces usually boils down
to categorizing different icons according to their possible signif-
icance. To represent the sounds used in such a computer inter-
face, they present auditory distracters while participants carry out a
picture categorization experiment. For auditory distracters Busse-
makers and de Haan initially used earcons which are more abstract,
constructed sounds, often very short musical fragments [10]. Later
they also used auditory icons which are “caricatures of naturally
occurring sounds” [11, p. 167]. In the picture categorization task,
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Bussemakers and de Haan requested participants to classify simple
line drawings of animals and other objects according to the ques-
tion “Is the picture you see that of an animal?” Bussemakers and
de Haan presented the auditory distracters through headphones,
without telling the participants that they could use the auditory in-
formation to their (possible) benefit.
According to the definition of redundant information, the au-
ditory distracters were not meant to present new information nor
were they meant to carry any information that could explicitly help
the participants. Bussemakers and de Haan therefore use chords
in major and minor mode because these carry a certain connota-
tion by Western musical standards: Major chords are often said to
evoke a positive and happy mood whereas minor chords evoke a
negative and sad mood [12]. Participants hearing a major chord are
inclined to respond positively to a question whereas participants
hearing a minor chord are inclined to respond negatively more
easily [13, 14, 15]. Bussemakers and de Haan therefore expected
major chords to facilitate positive responses to the categorization
task and inhibit negative responses. Minor chords were expected
to facilitate negative responses and inhibit positive responses.
The first experiment [4] investigated the effects of earcons on
picture categorization in a randomized design in an attempt to ver-
ify the above predictions. The expected facilitation and inhibition,
however, was not found: Although response times to trials with
sound were significantly slower than response times to trials with-
out sound (on average 470 ms and 435 ms, resp.) the response
times to trials with major chords versus trials with minor chords
did not differ significantly. Bussemakers and de Haan concluded
that participants were unable to relate the auditory distracters to
the visual stimuli and reasoned that this could be caused by ei-
ther the failure of the perceptual unification process or a perceptual
overload of the auditory system due to the many different sounds
employed in the experiment.
Bussemakers and de Haan [4] therefore used only one sound in
their second experiment employing a Stimulus Onset Asynchrony
(SOA), ranging from  500 ms to 0 ms, in their second experi-
ment. The objectives of this experiment were two–fold: the reduc-
tion of the number of sounds to only one would reduce the chance
of perceptual overload and the addition of the SOA allowed for the
determination of the point of maximal interference of the auditory
distracters on the picture categorization task. Finding this point of
maximal interference automatically is important because at maxi-
mal interference, non–informational auditory distracters have their
strongest effect on the picture categorization and participant thus
have the best chance of using the information (if present) in the
sounds to their advantage. If the findings of this experiment indi-
cated that the maximal interference would arise at an SOA of 0 ms,
this would enable Bussemakers and de Haan to conclude that per-
ceptual overload had not occurred (because Experiment 1 [4] did
not use an SOA, which, in practice, means an SOA of 0 ms) and
that, perhaps, the perceptual unification had failed and had caused
the absence of the expected facilitation and inhibition in the first
experiment. The results of Experiment 2 [4] indeed indicated that
the auditory distracters maximally interfered with the categoriza-
tion task at an SOA of 0 ms.
A third experiment was set up to investigate if the failure to
create a perceptual unity of the stimulus pair had caused the ab-
sence of the effects of inhibition and facilitation in Experiment 1
[4]. A blocked design was used that fixed the relation between the
auditory distracters and the categories of pictures for the duration
of a block. The relation between the earcons and picture cate-
gories concerned the responses indicated by the earcons and the
correct responses to the pictures. Combining the response tenden-
cies of the chords (a major chord and a positive answer) with the
response requirements to the categorization task (pictures of ani-
mals should get a positive answer) created two different picture–
sound sets: one set where pictures of animals were combined with
a major chord (a positive response requirement and inclination)
and, vice versa, pictures of other objects combined with minor
chords (a negative response requirement and response inclination).
Bussemakers and de Haan called this set the congruent condition,
because the visual stimulus and auditory distracter have an equiv-
alent connotation: both require or suggest a positive response. In
the other set, response requirement and response inclination were
mirrored: Pictures of animals were combined with minor chords
and non–animal pictures were combined with the major chords.
This set was called the incongruent condition. They also added
two reference conditions. The baseline condition of the experi-
ment consisted of pictures that were presented without sound. The
reference condition for the congruent and incongruent condition
was called the neutral condition and consisted of all pictures com-
bined with the same sound (i.e., the pictures of animals had the
same sound as the pictures of the other objects). Bussemakers and
de Haan reasoned that such a blocked design would enable partic-
ipants to deduce the relation, although subconscious, between the
earcons and pictures more easily, and therefore now expected to
find effects of inhibition and facilitation.
The acquired data clearly indicated that the participants used
the contingency between the earcons and pictures, because the re-
sponse times in the congruent condition and incongruent condition
differed significantly. As in the first experiment [4], the conditions
with sound were significantly slower than the condition without
sound, but in this third experiment the incongruent condition was
even slower than the congruent condition. The information in the
earcon contradicting the required response to the picture, seemed
to slow down the response times with an additional 20 ms, pos-
sibly because the human cognitive system had to choose the cor-
rect response from the two possible responses: the incorrect re-
sponse indicated by the earcon and the correct response required
to the visual stimulus. This may be refered to as an internal san-
ity check. The congruent and neutral condition only differed by
approximately 3 ms, which may come as a surprise because of
the different informational content of the auditory distracters in
the neutral condition relative to the congruent condition. Where
the cognitive system cannot extract useful information from the
earcons in the neutral condition, the information the earcons carry
in the congruent condition is potentially useful. Ordering by infor-
mational content, the neutral condition, in hindsight, might have
been expected to have average response times in between those of
the congruent and incongruent condition.
Lemmens [6] tested whether the musical connotation of the
earcons (major and minor chords) might have caused the effects
found in the third experiment [4] by replicating that experiment,
with the exception that the group of participants now was sepa-
rated in a group of musically skilled participants (with 6 or more
years of experience playing a musical instrument) and a group of
musically unskilled participants (without or with less than 6 years
of experience). The findings show that the musical connotation of
the earcons did not seem to matter: although the subgroup of mu-
sically skilled participants was on average around 30 ms faster in
its responses to the categorization task than the group of musically
unskilled participants, that difference did not approach the level of
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significance. These new findings provide additional evidence in
favor of the earlier findings.
The apprehensive reader has probably already concluded that
this task setup resembles a Stroop task [16], which is known for
the strong interference occurring when subjects have to name the
incongruent ink color of color words (e.g., the word “red” printed
in green ink). Although the original Stroop task used stimuli that
were presented in only one modality (vision), several multi–modal
varieties of the Stroop task have been used, according to MacLeod
[17]. These multi–modal Stroop experiments all show comparable
interference on the primary task, of a component of the stimulus
that cannot be ignored. In their experiments Bussemakers and de
Haan assume that their interference is similar to that of the Stroop
effect and that the obligatory processing of the auditory distracters
—because the human ear cannot ignore stimuli— causes the effect
of the earcons on the picture categorization. The different effects
of the congruent and incongruent condition are being caused by the
different relations the earcons and pictures have in each condition.
This is evidence that indicates that the sounds do penetrate the
cognitive level of analysis.
Bussemakers and de Haan reasoned that the co–occurring ear-
cons apparently triggered a secondary task–set [18] because the
obligatory processing of the earcons seemed to influence catego-
rization in a top–down fashion. This secondary task–set initiates
a response selection process as well. The cognitive system now
has to select the correct response from this set of two possible re-
sponses, although this is only needed in the incongruent condi-
tion. This can be compared to the classic Stroop task in which par-
ticipants have to suppress the automatically triggered task–set of
word–reading and instead have to name the incongruent ink color
of the words. The word–reading task–set causes many errors and
an enormous slowing down of the naming task, resulting in Stroop
interference. Although the interference effect of the Stroop task
is much stronger and has been investigated more often, the Stroop
task also has a facilitatory component. The facilitation is caused
by the color words that are congruent with the ink names1.
Relating their experiments to the Stroop task, Bussemakers
and de Haan found two new opportunities for new experiments.
They observed that the picture categorization task is a relatively
simple task and that participants did not make many errors cate-
gorizing the pictures. The first opportunity for new experiments
therefore was an investigation into the amount of errors in the pic-
ture categorization task with auditory distracters. The second se-
ries of new experiments involved the finding of a possible facilita-
tory component.
To investigate errors as a measure of performance and analy-
sis, Lemmens, Bussemakers, and de Haan [8] designed a dual–task
experiment in which participants had to carry out the usual picture
categorization task as well as a mental addition task. The mental
addition task was added to increase the amount of errors to enable
statistically valid conclusions on the number of errors made. Re-
sponse time analyses showed response time patterns comparable
to those in the previous experiments [4, 5, 6]. Error analyses, how-
ever, revealed the remarkable pattern that the fewest errors were
made in the congruent and incongruent condition, and the most in
the silent condition. It seemed that participants were able to use the
information in the earcons to their advantage, although the earcons
themselves caused slower response times.
1Although two effects may be confounded as MacLeod [19] hypothe-
sizes.
A further series of experiments on the effects of auditory dis-
tracters on picture categorization used auditory icons instead of
earcons on the grounds that auditory icons have a more direct
mapping to the pictorial stimuli [11] and thus are more likely to
facilitate the categorization process. The first experiment in this
series [7] employed a randomized design, as in the first experi-
ment Bussemakers and de Haan carried out [4]. Instead of two
earcons representing the two classes of pictures, Bussemakers and
de Haan now used all the distinct sounds of all pictures of animals
and musical instruments2. The trials in this experiment, therefore,
comprised four different sets: one set, called “same”, in which
each picture was presented with its own corresponding sound. The
second set consisted of all trials in which pictures of animals were
combined with a sound of an animal and all musical instruments
were combined with the sound of an instrument. This condition
was called the “same category” set. These two sets can be said to
be an equivalent of the congruent conditions in the earcon exper-
iments3. Set 3 was the equivalent of the incongruent conditions:
all pictures of animals were combined with a sound of a musical
instrument and vice versa. This set was dubbed “other category”.
The final set consisted of the trials without sound and formed the
baseline condition.
The results showed faster response times when the pictures
were presented in conjunction with their own distinctive sounds
relative to the baseline condition without sound. Comparing the
stimuli with sound, Bussemakers and de Haan [7] did not find a
statistical difference between the response times to “same” and
“same category” trials, which they explained by the observation
that the “same” trials are a subset of the “same category” trials.
Combining these data and comparing them to the “other category”
trials revealed a significant difference in response times (approx.,
415 ms vs. 430 ms, resp.).
These results clearly present a response time pattern that is
completely different from the response time patterns Bussemak-
ers and de Haan found, using earcons as auditory distracters [4,
5, 6, 8]. Where earcons slow down the responses to the catego-
rization task, auditory icons seem to facilitate the categorization
task, resulting in faster responses (both observations are relative to
the condition without sound). Because the main experimental task
has hardly changed over the series of experiments Bussemakers
and de Haan have been carrying out, only one possible conclusion
presents itself: the differences in underlying structure and process-
ing of the earcons and auditory icons causes the differences in the
effects these two classes of sounds have on picture categorization.
The more natural, symbolic relation [11] of the auditory icons and
the pictorial stimuli perhaps enables an easier integration of these
information resources, whereas the more abstract earcons require
more processing to deduce their relation to the pictures.
The difference in the underlying structure of auditory icons
and earcons, seems to reflect the different ways in which informa-
tion is stored in human memory. Most information in our memory
is either categorical or conceptual in nature. Whereas categorical
knowledge, that is perceptual in nature, enables humans to gen-
eralize by comparison to objects or events they encountered be-
fore, conceptual knowledge allows for generalization by the use
of rules. For example, when deciding what to do when a barking
2Musical instruments specifically, instead of other objects, were used
to simplify the creation of appropriate auditory icons.
3Because of this equivalency, the terms congruent and “same (cate-
gory)”, and incongruent and “other category”, in the context of auditory
icons, will be used interchangeably in the remainder of this paper.
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dog is heard, humans use their categorical knowledge more than
their conceptual knowledge. On the other hand, when deciding if
a number is odd or even usually the rule ‘divisible by two’ is used,
which requires almost no categorical knowledge.
Bussemakers and de Haan linked this theory of perceptual
versus conceptual knowledge, also known as the what/where dis-
tinction or direct perception versus representation [20], to their
experiments by assuming that two different categorization pro-
cesses exist as well. One process categorizes objects according
to rules and another process categorizes by comparison to exam-
ples or prototypes. Their assumption is supported by research car-
ried out by Warrington and Smith [21, 22]. Warrington, inves-
tigating categorization in patients with left– or right–hemisphere
lesions, found an impairment in patients with right–hemisphere
lesions for perceptual categorization tasks, whereas patients with
left–hemisphere lesions were impaired on tasks with a greater se-
mantic (and thus conceptual) component. This led Warrington to
pose two different categorization processes: one rule–based pro-
cess and a process categorizing using examples, dubbed the theory
of two–stage categorization. Smith found comparable differences
in normal subjects as well, both for artificial as well as natural ob-
jects and also claimed two categorization processes.
By assuming that two categorization processes exist, the in-
hibiting effect of the earcons on response times to the categoriza-
tion task, can be explained by assuming that earcons have to be
processed by the rule–based process, because most participants
in the Bussemakers and de Haan studies have not been trained
musically to such an extent that recognition of chords occurs by
comparison to previously encountered examples. This forces the
cognitive system, that unifies the stimuli in the auditory and visual
modality, to wait for the finishing of the auditory categorization
process as the categorization of the simple pictures has already fin-
ished because of the faster example–based process [22]. Auditory
icons on the other hand, are encoded by the example–based pro-
cess as well and can therefore be expected to have different effects
on the picture categorization.
Now two new experiments will be presented and, in the gen-
eral discussion, the results will be summed up and a general con-
clusion based on these new, and the older, results will be presented.
The first experiment that will be discussed, uses auditory icons in-
stead of earcons to replicate the experiment the authors presented
at ICAD2000 [8]. Experiment 2 is an experiment to investigate
the effects of auditory icons and earcons on picture categorization
when these sounds are used together in one design.
2. EXPERIMENT 1: AUDITORY ICONS IN A
DUAL–TASK EXPERIMENT
This experiment was primarily set up to acquire data that allowed
for error analyses in the auditory icon context. Furthermore, be-
cause Bussemakers and de Haan did not use a strictly blocked de-
sign in the first study [7] with auditory icons as in [4, 5, 6, 8],
they needed an experimental setup with auditory icons that more
strictly resembled that when using the earcons.
These requirements resulted in the construction of the present
experiment. To meet the first requirement, again a dual–task de-
sign was constructed with a secondary mental addition task. By
using auditory icons by category (e.g., the sound of a dog bark-
ing for all pictures of animals) instead of per picture, a blocked
design with congruent and incongruent conditions was created. In
addition to the sound of the barking dog, the sound of a piano
playing was used to represent the category of other objects (in this
experiment musical instruments). This design also met the second
requirement.
The earlier experiments [7] with auditory icons in a single–
task situation showed that having the redundant auditory informa-
tion leads to shorter reaction times when compared to a situation
with no auditory information. It seems that there is an alerting ef-
fect of the auditory stimulus to the visual stimulus. Furthermore if
the information is of the same category as the visual information,
subjects benefit from having the extra information as can be seen
in a further facilitation effect.
In the experiment presented here however, there is a dual–task
setting, that, similar to earlier dual–task experiments with earcons
[8], could lead to a general inhibition of the reaction times. Be-
cause subjects want to make as few errors as possible and part of
the cognitive capacity is used by the addition–task, overall the re-
action times could be longer. On the other hand it is also possible
that the effect is different for conditions where the category of the
sound is congruent with the category of the pictures than for con-
ditions where the category of the sound is incongruent with the
category of the pictures.
Finally, and this is one of the reasons for conducting this ex-
periment, it is important to evaluate the error–rates. What if the
reaction times in the dual–task situation are shorter in the condi-
tions with sound than in the conditions without sound, but subjects
make more errors? In certain environments where a low number
of errors is critical, it can be important to also know the effect of
the auditory icons on error rates.
2.1. Method
2.1.1. Participants
Twenty students of the University of Nijmegen participated in the
experiment. They were paid or received course credits for their
time.
2.1.2. Materials
The experiment was carried out on a Macintosh Quadra 840 AV.
The visual stimuli were presented on a 14–inch screen that was
raised to eye–level. The auditory stimuli were presented via a pair
of Monacor BH–004 headphones. The responses were registered
through a button–box. The visual stimuli consisted of 7 line draw-
ings of animals and 7 line drawings of musical instruments (see
Table 1) The pictures were modified to include a one–place num-
ber in a position close to the center of the drawing (see Figure 1).
Figure 1: Example visual stimulus for Experiment 1.
Three sounds were used as auditory stimuli. The sound of a
dog barking represented the animal category; for the category of
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musical instruments the sound of a piano playing was used. The
sound of dripping water was used as a neutral stimulus. None of
the sounds were represented in the pictures. The duration of the
sounds was normalized to 1227 ms.










To allow the subject to take full advantage of the relationship be-
tween the picture and the sound, 6 conditions were defined (see Ta-
ble 2). Furthermore because of the similar setup, the results could
be compared to earlier studies with earcons (see also [4, 5, 6, 8]).
In the congruent condition the pictures of animals were presented
with the sound of a dog barking. With the pictures of musical in-
struments the sound of someone playing the piano was presented.
Both the sound and the picture suggest the same response, because
they are of the same category. In the incongruent condition the op-
posite was the case: With pictures of animals the subjects heard the
piano sound and with pictures of musical instruments the sound of
a dog barking. The visual and the auditory information suggest a
different response. In the silent condition the pictures were pre-
sented with no additional auditory stimulus.
Table 2: All experimental conditions in Experiment 1. In the con-
gruent condition the pictures of animals were accompanied by the
sound of a dog barking and all other pictures were accompanied
by the sound of a piano playing.
Picture category







There were three neutral conditions. In previous studies the
neutral condition was defined as the condition where for both cat-
egories of visual stimuli the same auditory stimulus is presented.
However in the case of auditory icons, the perceptual, categorical
nature of the sound provides information not only on a condition–
level, but also on a trial–level. It is possible that in the neutral
condition with the sound of the dog, the pictures of animals bene-
fit more from the additional auditory information than the pictures
of the musical instruments. Therefore a third neutral condition was
included with a sound that is not related to any of the categories.
To ensure that every condition followed every other condition
an equal number of times, a digram–balanced Latin Square (e.g.,
Wagenaar [23]) was used to control for any order effects. Fur-
thermore the position of the buttons was varied across subjects, to
counterbalance for any effects of prefered hand.
2.1.4. Procedure
Participants carried out two tasks of which the order was con-
trolled. The first task was a visual categorization task with ad-
ditional auditory distracters. In the second task, participants were
also instructed to accumulate, per category, the numbers presented
in the pictures. Each trial started with the presentation of a fixa-
tion cross and sound, for 500 ms. Then the sound and picture were
presented. The picture was displayed for 300 ms. Subjects could
indicate their response to the question whether or not they saw a
picture of an animal by pressing a button labeled ‘yes’ or a button
labeled ‘no’. A new trial was started after 2500 ms.
2.2. Results and Discussion
In the statistical analyses error–responses and no–responses were
excluded. The mean reaction times for both tasks are shown in
Figure 2.




















Addition 756 752 701 712 752 705







Figure 2: Average response times (ms) per condition in Experiment
1.
A repeated measurements analysis indicated that the condi-
tions with the extra addition task were significantly slower than
the conditions without the extra addition task (F (1; 19) = 15:624,
p < :001).
Within the non–addition task no significant differences be-
tween all conditions with sound (including the neutral conditions)
and the silent condition were found (F (1; 19) = 1:385, p > :1).
However when comparing the results in the congruent condition
together with the incongruent condition to the results in the silent
condition, these two were significantly faster (F (1; 19) = 6:711,
p < :05). It seemed that when the sounds were different for each
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category, the reaction times were faster than when there was no
sound present.
The mean reaction times in the neutral conditions did not dif-
fer significantly from either the incongruent condition or the silent
condition (F (1; 19) = 1:298, p > :1 and F (1; 19) = 0:195,
p > :5). When comparing the neutral conditions to the con-
gruent condition, the congruent condition was significantly faster
(F (1; 19) = 9:180, p < :01).
Within the dual–task situation, the mean reaction times on the
conditions with sound were significantly slower than the silent
condition (F (1; 19) = 4:792, p < :05). Comparison between
the mean reaction times on conditions in the dual task situation
showed trends, but no significant differences.
Analyzing the errors showed that in 3.1% of the trials an error
was made. Furthermore 53% of those errors were made in the
addition–task and 47% of the errors were made in the non–addition
task. In Table 3 the mean proportion of errors per task and per
condition is displayed. A repeated measurements analysis did not
show a significant difference in mean proportion of errors between
tasks (F (1; 19) = 0:479, p > :4). Within each task, none of
the differences in proportion of errors between conditions were
significant.
Table 3: The average number of errors per task per condition. The
amount of errors is averaged over the total number of trials. The
number in braces is the standard error.
Average number of errors
Condition Addition Non–addition
Congruent 0.021 (0.009) 0.021 (0.007)
Piano 0.028 (0.009) 0.028 (0.009)
Dog 0.039 (0.012) 0.032 (0.010)
Water 0.025 (0.011) 0.018 (0.007)
Incongruent 0.025 (0.009) 0.018 (0.007)
Silent 0.025 (0.005) 0.025 (0.004)
Earlier studies [7] show that having auditory icons in a visual
categorization task can lead to faster response times, if the sounds
are different for each category. Especially when the auditory infor-
mation is of the same category as the visual information, subjects
respond fastest.
The results from the non–addition task in this study confirm
the results from earlier studies, that have shown that auditory icons
in a visual categorization task can lead to faster response times, if
the sounds are different for each category. Especially when the
auditory information is of the same category as the visual infor-
mation, subjects respond fastest. It seems that having categorical
auditory information, even if it is not the same as the visual in-
formation, leads to faster responses, because one stimulus seems
to alert to the other. Between the neutral conditions and the silent
condition there is no significant difference. Having the same audi-
tory information with every picture within a block, does not seem
to influence the response times, regardless of the category of the
picture. Whether this information is related to one of the cate-
gories, like, for instance, in the case of the dog sound or the piano
sound, or an entirely different sound like the water, does not seem
to matter. It seems that the auditory information needs to be differ-
ent per category to assist in the response to the visual information.
In the addition task there is no significant difference between
the conditions with sound, but there is a significant difference be-
tween the conditions with sound and the silent condition. Having
extra auditory information while having to add numbers seems to
slow the response down, but it does not matter what kind of infor-
mation is in the sound. Just the fact that the auditory information
needs to be processed and that this interferes with the mental addi-
tion can possibly explain the findings. Subjects need to first under-
stand what the sound is before they can disregard it in the context
of the task.
The error data shows that there is no difference in mean pro-
portion of errors between conditions. It seems that the different
types of additional auditory information do not lead to differences
in error–rates.
From these findings it can be concluded that having auditory
icons in a visual categorization task leads to shorter reaction times
when compared to a situation where there is no sound. However
if there is a secondary cognitive task, the effect changes and re-
action times are slower in the conditions with sound compared
to the silent condition. It seems that in a more complex situa-
tion, having additional information in another modality needs to be
processed, which leads to a decrease of the reaction times. Com-
paring these results to earlier findings on earcons, there is a clear
difference. The reaction time data shows that contrary to auditory
icons, earcons, both in a single–task and a dual–task setting, lead
to longer reaction times.
These findings are restricted to categories of animals, musical
instruments, and other objects. It seems interesting to find out if
the results would be similar if other categories were used. Also,
the categories that are used here are concrete and perceptual. It is
possible that the results would be very different for abstract cate-
gories, for instance with a category like emotions.
3. EXPERIMENT 2: INTERMIXED AUDITORY ICONS
AND EARCONS
Because no experiments combining earcons and auditory icons in
one experimental setup have been carried out, Experiment 2 was
set up to investigate whether this combining would result in differ-
ent effects than the known effects of earcons and auditory icons.
The experimental setup used is a combination of Experiment 1
[this paper] and the experiment described in [8], with several small
modifications. The addition task from Experiment 1 and [8] was
not replicated and the sets of visual stimuli from the previous ex-
periments were mixed and suitably adapted for use in a single de-
sign.
The changes to the experimental stimuli resulted in two sound
categories (auditory icons and earcons) and three sets of pictures
(animals, musical instruments, and other objects). The experimen-
tal design consisted of five conditions (four experimental condition
and one baseline condition) in each of which the relation between
a sound category and a picture category was fixed.
Because the previous effects of earcons and auditory icons on
picture categorization seemed reasonably consistent, Lemmens,
Bussemakers, and de Haan expected to find these effects in this
experiments as well. Although the mixing of the earcons and au-
ditory icons might have resulted in less pronounced effects within
conditions with equivalent sounds, auditory icons were still ex-
pected to facilitate response times whilst earcons were expected to
slow down response times.
This experimental setup, however, has one downside: the class
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of non–target pictures cannot be the same across the sound cate-
gories. Because Bussemakers and de Haan used the sound of a
piano playing to represent the non–target pictures in the auditory
icon experiments, the experimental setup in those experiments re-
quired the use of pictures of musical instruments instead of other
objects4. This may cause an unwanted effect because the category
of musical instruments is a subclass of the category of other objects
and because the response times to musical instruments will be, a
priori, faster than the responses to the pictures of other objects
(due to the use of auditory icons versus earcons), the non–target
pictures can, and may, not be compared directly. However, Busse-
makers and de Haan did not expect this unwanted effect, because
of the blocked experimental design: participants will probably not
notice the different non–target categories between the blocks.
3.1. Method
3.1.1. Participants
Twenty students (11 female, 9 male; mean age = 22.8 years) of
Cognitive Science or Psychology at the University of Nijmegen
participated in the experiment. They were paid 5 guilders or re-
ceived course credit for their participation. None of these students
have taken part in the previous Bussemakers and de Haan studies
[4, 6, 7, 8, 9].
3.1.2. Materials
The materials from the present study have been used in two previ-
ous studies [8, 9] and included visual (pictorial) stimuli and audi-
tory distracters. The original set of target pictures consisted of 11
black and white line drawings of animals (e.g., a lion, a cat, and
a butterfly); the original set of non–target pictures comprised and
equal number of pictures of musical instruments and other objects
(e.g., a trumpet, a violin, and a candle). The original set of audi-
tory distracters consisted of a C–major chord and a C–minor chord
(triads with C5 as tonic), the sound of a barking dog, the sound of
a piano playing, and the sound of splashing water. These sounds
had different durations.
To create the stimulus sets for the present study, the original
sets were changed in several ways. A number of pictures that
caused problems in earlier studies were removed. The sound of
splashing water was removed from the set of auditory distracters;
the remaining auditory distracters were normalized in their dura-
tion to that of the sound of the barking dog.
The final set of experimental stimuli incorporated 21 pictures
(7 pictures of animals, 7 pictures of musical instruments, and 7
pictures of other objects), and 5 sounds (an alert sound, a C–major
chord, a C–minor chord, the sound of a dog barking, and of a pi-
ano playing). The pictures all had the same size; all sounds (with
the exception of the alert sound, which was a simple beep) had
durations of approximately 1200 ms.
3.1.3. Design
The stimuli were presented in a blocked within–subjects design.
The blocks were characterized by the relation between the visual
stimuli and the auditory distracters. Blocks containing the C–
major and C–minor chord were characterized as “abstract”. Blocks
containing the piano and the barking sound were called “concrete”.
4which have never included musical instruments.
Within these classifications, blocks were further categorized as
congruent and incongruent. In congruent blocks, the visual stimuli
and auditory distracters had equivalent connotation, for example,
a picture of a cat combined with the barking sound or the C–major
chord. In incongruent blocks the visual stimuli had an opposite
connotation compared to the auditory distracters, for example, the
picture of a cat combined with the sound of a piano or a C–minor
chord. This design resulted in four different blocks which were
presented, properly counterbalanced, in a digram–balanced Latin
square design.
Within each block all visual stimuli were presented four times:
twice with sound and twice without. Given a set of 14 pictures per
block (7 pictures of animals and 7 of musical instruments or other
objects), this resulted in 56 trials per block, which in turn implied
224 stimuli overall (practice set not included).
3.1.4. Procedure
The stimuli were presented on a Macintosh Quadra 840AV com-
puter, equiped with a 256–color screen, with an effective diameter
of 32 cm, and linked to a buttonbox and a pair of headphones. The
visual stimuli were presented in a centered white square of 18 cm
wide and 12 cm high. The auditory distracters were presented to
both ears, but without any stereophonic effects.
Each trial started with the presentation of an alert sound and a
fixation cross in the center of the display, for 500 ms. After a 500
ms pause, the visual and auditory stimulus pair was presented. The
visual stimulus was presented for 300 ms and had the same onset
as the auditory distracter. The maximal response time was set at
2500 ms. The intertrial interval lasted for 1500 ms.
Participants were instructed to press one button as fast and ac-
curately as they could if the picture presented on the computer
screen was that of animal, and another button if the picture was
not that of an animal. Participants first trained on a set of 28 stim-
uli from the experiment set. The practice set covered a randomized
subset of a complete set of blocks. Between this set and the actual
experiment a pause of at most a minute was inserted. All exper-
imental blocks were separated by a voluntary break of at most a
minute as well. An experimental session lasted for approximately
30 minutes.
3.2. Results and Discussion
Before any statistical analyses were carried out, the incorrect as
well as the null response were removed. These comprised 2.05%
of the total number of trials. The average response times are pre-
sented in Figure 3.
A repeated measurements analysis showed that both the re-
sponse times in the concrete conditions and in the abstract con-
ditions were significantly different from those in the silent con-
dition. Concrete conditions were significantly faster (F (1; 19) =
10:473, p < :05) and abstract conditions were significantly slower
(F (1; 19) = 8:507, p < :05).
Within the concrete conditions, however, the differences be-
tween the congruent and incongruent condition did not reach the
level of significance (F (1; 19) = 2:272, p > :1). This applied for
the abstract conditions as well (F < 1).
These results provide additional evidence in favor of the find-
ings of [6, 7, 8] that earcons have an inhibitory effect on response
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Figure 3: Average response times (ms) for all conditions in Exper-
iment 2.
times to a visual categorization task, whereas auditory icons have
a facilitating effect. The present results furthermore indicate that
auditory icons and earcons can be used intermixed without a great
chance that new effects instead of the usual facilitation and inhibi-
tion may occur.
The experimental design, however, has not enabled us to check
whether a subset effect of the musical instruments being a subset
of the other pictures occurred. Correct statistical analyses to check
for this effect require a different experimental setup, which would
be a suggestion for further research.
4. GENERAL DISCUSSION
The data from Experiment 1 and Experiment 2 again consistently
show that auditory icons facilitate response times to a visual cate-
gorization task whereas earcons have an inhibitory effect. The ef-
fects are of course limited to categorization experiments employ-
ing pictures of animals in combination with pictures of musical
instruments and other object categories. Although this limitation
certainly exists, Lemmens, Bussemakers, and de Haan strongly
feel that the consistency of the results suggests that other experi-
mental paradigms and other sets of sounds and pictures are likely
to show the same pattern of responses, provided that equivalent
congruent and incongruent relations exist.
Experiment 1 shows that in a dual task setting a pattern of re-
sponse time latencies is found that is comparable to [7] and [8],
although the data from Experiment 1 show that, in contrast to [8],
the auditory icons have an inhibiting effect in the addition task.
This finding, however, can possibly be explained by assuming that
the addition task has an interfering effect on the processing of the
auditory icons. The error analyses show a trend comparable to that
found in [8]. The differences between the amount of errors in the
individual conditions, however, do not approach the level of signif-
icance. It may be that this is caused by the still very low amount of
errors in Experiment 1, despite the addition task. Although these
studies are different both in construction and intricacies of results,
these findings do support each other and add to the robustness of
the effects of auditory icons.
Experiment 2 shows that auditory icons and earcons can be
readily intermixed in an experiment without compromising the
strength of their individual effects on the primary categorization
too much. Although the differences between the congruent and in-
congruent conditions in both the concrete and abstract conditions
are statistically not significant, the findings of Experiment 2 cor-
roborate the findings of all previous studies [4, 5, 6, 7, 8, 9].
The effect the added earcons have on the response times to the
categorization task is always one of slowing down those response
times. The auditory icons usually have a facilitating effect on re-
sponse times to the categorization task. These effects can be fur-
ther differentiated when taking the congruency of pictorial stimu-
lus and auditory distracter into account. In general, conditions with
a congruent relation between picture and sound are faster than con-
ditions in which an incongruent relation is employed. The congru-
ent condition, however, never differs more than a few milliseconds
from the neutral condition, suggesting that the difference between
the incongruent and congruent condition is likely to be caused by
a sanity check in the incongruent condition, to verify the correct
response out of a set of two possibilities. The different effects
earcons and auditory icons have on visual categorization must be
caused by differences in their structure and processing, because the
primary task participants carry out does not change greatly across
experiments.
Earcons, in general, as well as in these studies, are often more
abstract, constructed sounds [10]. Although western music is filled
with major and minor chords, and most participants have experi-
ence in listening to them, most participants are not trained to auto-
matically recognize them. They experience the chords as they are,
not for what they are and therefore they probably need rules in or-
der to name the chords; in the domain of music psychology these
rules usually are formulated in terms of the findings of Crowder
[13, 14, 15]. On the other hand, auditory icons are caricatures of
naturally occurring sounds [11], which most people recognize di-
rectly by comparing them to the prototypical examples which they
have encountered before.
Processing earcons according to rules and auditory icons by
prototypical example is reminiscent of the alternative categoriza-
tion process posited by Warrington and Smith [21, 22], compris-
ing two subprocesses. The perceptual process categorizes objects
by comparison to a stored (prototypical) examples whilst the con-
ceptual process encodes objects by rule application. Because rule
based encoding involves extensive use of working memory and se-
lective attention, it is a relatively slow process [22]. Smith tested
both naturally occurring and artificial sounds and found that both
sound categories adhere to the theory of two–stage categorization.
Assuming that the processing of the visual stimuli confirms to
the two–stage categorization theory [21] as well, the differences
between the effects of the auditory icons and earcons might be
explained by relating the encoding process of the auditory com-
ponent of a stimulus pair and the visual component of that pair.
Encoding the line drawings that were used in the experiments does
not explicitly require the use of rules to determine whether a cer-
tain picture does or does not belong to the class of animals. Ac-
cording to the two–stage categorization process, the line drawings
therefore are encoded by example–based categorization. Because
auditory icons are encoded by the same example–based categoriza-
tion subprocess, they may be expected to facilitate (or at least not
hinder) the picture categorization, because a faster integration of
information resources in different modalities is possible. Earcons,
on the other hand, are encoded by the relatively slow rule–based
categorization subprocess. The cognitive system has to wait for
both categorization processes to finish (one process for the audi-
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tory distracter and one for the visual stimulus) and this waiting
results in slower response times.
This distinction between rule–based categorization of earcons
and example–based categorization of pictorial stimuli and auditory
icons is of course a specification of a more general theory of per-
ceptual and conceptual knowledge. This theory claims that human
memory retains information either as categorical (perceptual) or
conceptual knowledge. Categorical knowledge, which is percep-
tual in nature, enables us to generalize about what we have learned
about an object or an event to other similar objects or events and
the generalization allows us to determine the appropriate means
of action, for example, determining how it can be that you see a
dog and a cat chasing each other, while at the same time hearing
quacking ducks. Categorical knowledge is limited, however, be-
cause it depends on the perceptual similarity between the object
and the previously encountered objects. Conceptual knowledge,
on the other hand, can help in setting the boundaries of what be-
longs to a category and what does not, by the use of principles and
rules. Concepts are based on deeper and more abstract properties
of objects. For instance, determining if a number is odd or even
requires the verification if the number can be divided by two.
Summarizing the findings so far it can be seen that auditory
icons and earcons have different effects on the same task. The ex-
periments employing earcons as auditory distracters show that the
earcons slow down the response times to the categorization task
whereas experiments employing auditory icons show that these
facilitate response times. Although the strength and significance
of these effects differs per experimental setup, the general effect
of inhibition or facilitation can be verified in each of the exper-
iments. This of course limits the conclusions to just this task,
but the blocked design enables participants in the experiments to
quickly use the relation between sound and picture and to use this
relation without being consciously aware that the relation exists.
Therefore it is expected that new experiments using a different task
within a comparable blocked design will show comparable results,
both on the level of response time latencies as well as on the level
of amount of errors.
Having discussed these new results and experiments and in re-
lation to the older experiments, it is necessary to suggest some de-
sign considerations when implementing sound in a user interface.
First, modesty and a planned approach towards the use of sound in
interfaces are very important: Although sound may seem to lead
to performance enhancements [1], sound may also annoy the users
of the interface and it is often unclear if the information the sound
presents or the presence of the sound itself causes the performance
enhancements [2]. Furthermore, the importance of the relation be-
tween the sound and the (visual) event it accompanies needs to be
emphasized: in time–critical environments employing earcons in
incongruent relations must be prevented, because the incongruent
conditions in the earcon experiments have consistently shown to
be slower than the congruent, neutral, and silent conditions. Fi-
nally, it must be pointed out that the consistent use of the relation
between auditory icons and earcons and visual events may lead to
a decrease in faulty decisions; this conclusion, however, can only
be presented tentatively, because strong statistical evidence lacks.
Although much work can still be done in just this area (prim-
ing techniques, fMRI, EEG, etc.), the prospects for new experi-
ments are drifting away from the techniques described in this pa-
per. The new experiments will probably involve spatial Stroop
tasks and Simon tasks, constructed from the perspective of execu-
tive control and action plans.
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